and is known to stimulate the activities of several serine/ threonine kinases (Lee et al., 1985; Hama et al., 1986; Matsuda and Guroff, 1987; Rawland et al., 1987; Aletta et al., 1988; Heasley and Johnson, 1989a, 1989b; Vulliet et al., 1989; Miyasaka et al., 1990; Ohmichi et al., 199213) . Recent evidence (Kaplan et al., 1991a; Klein et al., 1991; Weskamp and Reichardt, 1991; Ohmichi et al., 1992b) indicates that these serinelthreonine phos- et al., 1988; Margolis et al., 1989; Meisenhelder et al., 1989; Wahl et al., 1989a Wahl et al., , 1989b , GTPase activating protein of ras (Molly et al., 1988; Trahey et al., 1988; Ellis et al., 1990) , and phosphatidylinositol (PI)-3 kinase (Bjorge et al., 1990) , are phosphorylated on tyrosine residues in response to numerous growth factors and can form stable associations with receptors in a growth factordependent manner (Kumjian et al., 1989; Kaplan et al., 1990; Kazlauskas et al., 1990; Margolis et al., 1990a; Cantley et al., 1991; Hu et al., 1992) via an interaction with the SH2 domain (Coughlin et al., 1989; Anderson et al., 1990; Margolis et al., 1990b; Moran et al., 1990; Escobedo et al., 1991a Escobedo et al., , 1991 Otsu et al., 1991; Skolnik et al., 1991) . We recently reported that NGF stimulates the association of its high affinity pp140c-*rk receptor with the SH2 domains of PLC-~1 in PC12 pheochromocytoma cells (Ohmichi et al., 1991b) and further that the constitutively active ~70~-"~ oncogene product is also associated with PLC-~1 through its SH2 domains (Ohmichi et al., 1991a 1989), EGF (Bjorge et al., 1990) , and colony stimulating factor (Varticovski et al., 1989; Reedijk et al., 1990; Shurtleff et al., 1990) receptors indicated a strong correlation between stimulation of cell growth and PI-3 kinase activation.
Since NGF, EGF, and insulin paradoxically share a number of common early signaling pathways (Saltiel and Decker, 1991) , we have compared the actions of these three growth factors on stimulation of PI-3 kinase activity and association of tyrosine-phosphorylated proteins with its 85 kd regulatory protein. These results indicate that the high affinity NGF receptor differentially associates with SHZ-containing proteins, via direct or indirect mechanisms.
Results
The NGF-dependent activation of PI-3 kinase was also explored in 3T3 cells that were transfected with the p~l40~-~~~ cDNA. These cells express the 140 kd high affinity receptor, but contain no low affinity p75 receptor (Ohmichi et al., 1992b) . Exposure of 3T3-c-trk cells to NGF also caused an increase in PI-3 kinase activity, although the time course was slightly faster than that observed in PC12 cells, occurring maximally at 1 min (Figure 2 ). These data provide further evidence that the pp140 crrk receptor is both necessary and sufficient for the early signaling events in NGF action.
NCF Stimulates PI-3 Kinase Activity Via Its pp140c-fd Receptor NGF binding to the pp140c-frk receptor stimulates its
To explore further the mechanism of activation of association with the SH2 domains of PLC-Tl in both PI-3 kinase in response to NGF, PC12 or 3T3-c-t& cells PC12 (Ohmichi et al., 1991b) and 3T3 fibroblasts exwere treated with NGF and subsequently immunoprepressing the human pp140c-'rk (3T3-c-t&) (Ohmichi et cipitated with anti-phosphotyrosine, anti-trk, or antial., 1992c) as well as its phosphorylation on tyrosine sera raised against the 85 kd regulatory subunit of PI-3 (Kim et al., 1991; Ohmichi et al., 1991 b) . To explore the kinase prior to assay of PI-3 kinase activity ( Figure 3 ). involvement of other SH2 proteins in NGF action, we Although NGF produced a marked increase in PI-3 assayed the activity of PI-3 kinase in these cells after kinase activity detected in anti-phosphotyrosine im- PC12 and 3T3-c-trk cells were grown in 150 mm dishes. NGF (100 nM) was directly added to the medium and incubated for the indicated times at 37OC. Lysates were immunoprecipitated with anti-phosphotyrosine antiserum, and PI-3 kinase activity was measured as described in Figure 1 . Autoradiographs are shown in a lower panel.
exposure to NGF, EGF, and insulin. Following hormonal treatment, lysates were precipitated with antiphosphotyrosine antiserum, and the resulting immunoprecipitates were assayed for phosphorylation of PI ( Figure 1 ). In PC12 cells, NGF rapidly activated PI-3 kinase activity that was detected in anti-phosphotyrosine immunoprecipitates.
This effect was observed after 1 min of exposure and was maximal at 5 min, but declined thereafter. Similarly, both EGF and insulin also stimulated the activity of this enzyme in antiphosphotyrosine immunoprecipitates. Effects of these hormones were maximal after only 1 min of exposure and declined thereafter. et al., 1987; Auger et al., 1989; Coughlin et al., 1989; Bjorge et al., 1990; Endermann et al., 1990; Kazlauskas and Cooper, 1990; Hu et al., 1992 three times with Nonidet P-40 buffer, once with phosphate-buffered saline, once with 0.5 M LiCI/O.l M Tris (pH 7.5), once with distilled water, and once with 0.1 M NaCIIO.1 mM EDTAIl mM Tris (pH 7.5). The PI-3 kinase assay was performed by adding to the immunoprecipitate 50 ~1 of PI kinase buffer (10 mM Tris [pH 7.51, 0.2 mM EGTA, 100 mM NaCl), 0.5 mglml PI, 20 mM MgCI,, and 10 PM [yP*P]ATP (10 )rCi per assay), followed by the addition of 100 PI of chloroform, methanol, HCI (100:200:2), and then 100 ~1 of chloroform and 100 ~1 of water were added. The resulting organic was dried, resuspended in 50 ~1 of chloroform, methanol (l:l), and spotted on a silica gel thin-layer chromatography plate that was developed in chloroform, methanol, water, ammonium hydroxide (43:38:7:5). 32P-labeled PI-3 phosphate was visualized by autoradiography and compared with an iodine-stained standard.
Anti-Phosphotyrosine lmmunoblots Cells were grown in 150 mm dishes. Before hormonal treatment, the medium was replaced with serum-free medium and incubated for 1 hr. Unless otherwise indicated, 100 nM NGF, 10 nM EGF, 10 nM PDGF, or 100 nM insulin was directly added to the medium and incubated for 1 min at 37OC. After hormonal treatment, the medium was removed, and cells were washed twice with 12 ml of ice-cold phosphate-buffered saline before theaddition of 1 ml of HNTG buffer (50 mM HEPES [pH 7.51, 150 mM NaCI, 10% glycerol, 1% Triton X-100,1.5 mM MgCI,, 1 mM EDTA, 10 PM sodium pyrophosphate, 200 PM sodium orthovanadate, 100 mM NaF, 30 mM pnitrophosphate, IO pg/ml aprotinin, IO pg/ml leupeptin,and 1 mM phenylmethyl sulfonyl fluoride) (Margolis et al., 1990a) . Lysates were centrifuged at 10,000 x g for IO min. Supernatants were incubated for 1 hr with the indicated antisera.
Following the incubation, protein A-Sepharose beads were added for 30 min with mixing, and immune complexes bound to the beads were washed three times with 1 ml of HNTG buffer.
Immunecomplexes were solubilized in 25 ~1 of Laemmli sample buffer (Laemmli et al., 1970) and electrophoresed on 8% SDS polyacryamidegels.
Transfer to nitrocellulose paper, immunoblotting with anti-phosphotyrosine antiserum, and washing were performed as described (Decker et al., 1990) . For blotting of tyrosine-phosphorylated proteins binding to the bacterially expressed SH domain of p85, supernatants were incubated for 90 min with glutathione-Sepharose beads, to which the CSTp85 fusion protein had been bound. The beads were washed three times with 1 ml of HNTG buffer, and samples were resolved on 8% SDS gels.
